An automated hemagglutination-inhibition (HI) test for the "shipping fever" strain (SF-4) of parainfluenza 3 antibody in bovine sera was developed and compared to manual tube and microtiter test procedures. The automated system operating at 60 samples per hr provided the most test results per specified time period, and the manual tube test provided the least. The manual microtiter test and the automated system at 40 samples per hr, falling between the two above procedures, were comparable in the number of sera that could be titrated in 1 day by one technician. There was little difference between automated and manual test reproducibility when measured at the twofold titer one-dilution difference level. However, the automated system titrated a higher number of sera at the same titer on repeat runs than either of the manual test procedures. The automated one-quartile difference reproducibility (each twofold dilution subdivided into 4 units-"quartiles") was equal to the manual test one-dilution difference reproducibility. The standard deviation of the per cent variation from the mean of paired serum titers for 40-sample-per-hr runs ranged from ±3.49 to ±5.36%. The manual and automated systems were of comparable sensitivity in their detection of negative sera.
For serological investigations in which there is either a very high or a very low prevalence of antibodies, serological screening may require vast numbers of specimens to find statistically valid differences for any given characteristic. Many large-scale sero-epidemiological studies have not been instituted in the past because of laboratory limitations of time, space, or adequately trained personnel, or all three.
Parainfluenza of cattle presents a case in point. The epidemiological study of this disease is currently impeded by virtue of the high prevalence of antibodies (ranging from 50 to 86%) found in normal bovine populations (21) .
Manual serological tests for parainfluenza antibody in cattle include complement fixation (CF), hemagglutination-inhibition (HI), and serum neutralization (SN) procedures, with the CF test being the least sensitive (1, 11 better indicator of protective immunity (14) ] and is simpler and less expensive to conduct (11) .
Automated systems are relatively new in the serology laboratory. There are several different automated tests in use in syphilis serology. These include CF procedures (6, 15) , a flocculation test (with antigen adsorbed to charcoal particles; references 13, 17, 18) , and a fluorescent treponemal antibody absorption test (G. (20) is under development at the Center for Disease Control in Atlanta, Ga. The automated CF test has also been used in the study of foot-and-mouth disease virus types and subtypes (16) . Automated hemagglutination (HA) systems have been utilized in research associated with influenza viruses (9, 10) . These systems have proved of great value to the pharmaceutical industry in the production of influenza vaccines (4, 7) . An automated HI test was developed in England (3) for the detection of influenza antibodies.
It is the purpose of this paper to present the procedures used and results obtained in the development of an automated serological HI system for the detection of parainfluenza antibodies in bovine sera and its comparison to accepted manual test procedures.
MATERIALS AND METHODS
Virus. Virus used in the parainfluenza 3 (PI-3) HI tests, both manual and automated, was the "shipping fever" (SF4) strain obtained from G. Frank The manual microtiter test was a modification of the procedure described by Lennette (12) . PBS (0.05 ml) was dispensed into appropriate microtiter plate wells. After serum dilutions were completed (1:10 to 1:1,280), 0.05 ml of antigen (4 HA units/0.05 ml) was added, and plates were incubated at room temperature for 1 hr. Then 0.025 ml of 0.5% bovine RB cells was added to appropriate wells. Plates were incubated at 4 C overnight (18 to 20 hr) .
The highest dilution of serum completely inhibiting HA was considered the HI titer of that serum (± agglutination was considered as "complete" inhibition).
If the antigen control indicated that the antigen used in a test run was insufficient or in excess, the titers of all sera in that run were corrected by the procedure of Clarke and Casals (2) . They stated that a regular reciprocal relationship exists between antigen units and HI titer.
In manual PI-3 HI tests with bovine RB cells, an antibody titer below 1:20 is considered "negative." This "level of significance" was used in all test results reported here (both manual and automated).
Automated HI test. Two basic automated HA systems (Technicon Corp., Tarrytown, N.Y.) were combined ( Fig. 1-3 Serum samples were diluted 1:10 (1:2 dilution of the stored sera) and were treated with kaolin (Fisher Scientific Co., Fair Lawn, N.J.) to remove nonspecific inhibitors of agglutination (5) . Approximately I ml of each treated serum was placed in a sampler cup. At the beginning of a run, a relatively high-titered serum was aspirated for 10 to 15 sec to act as a start-of-run marker. This was followed by 9 cups of a serially diluted "standard." Two samples of PBS were placed between the last standard sample and the first quality control (QC) specimen to allow the "carry-over" effect of the undiluted standard to wash out (Fig. 4) . Following the first QC sample were 11 randomly selected "unknown" sera. These were followed by a PBS wash sample, a QC sample, 10 randomly selected unknowns, a PBS wash, etc., until all 51 unknowns had been tested. A PBS wash sample and a QC sample ended the sequence. All QC specimens were preceded by a PBS wash sample. This standardized the effect of the "preceding sample" on all the control specimens in all runs (Fig. 5) .
When a weak positive serum specimen is sampled after a strongly positive specimen, the titer of the weak sample is often uninterpretable on the recorder. Such "sloughed" samples were retitrated at the end of each run. Strongly positive sera, whose titers were above the linear region of the standard curve, were diluted 1:2 or 1:4 and were retitrated also. All reruns were periodically bracketed with PBS and QC specimens as they had been in the normal run period.
The description of the automated HI test procedure which follows is valid for both manifolds, with the exception that the serum HA control unit used no antigen. In Fig. 3 for flow rates) were mixed and allowed to "react" for 8.5 min (Fig. 6A) before 2% bovine RB cells were added (Fig. 6B ). An HA phase of 17.75 min at room temperature followed (Fig. 6C ). PBS + T20 was then added to disperse any nonspecifically agglutinated RB cells (Fig. 6D ). Agglutinated cells settled to the bottom of the moving fluid stream in a large horizontal glass coil (Fig. 6E ). These cells were aspirated from the stream and discarded at two "T" fittings ( Fig. 6F ). Remaining nonagglutinated cells were lysed by the addition of Triton X-100, thereby releasing hemoglobin (Fig. 6G ). The concentration of the hemoglobin was measured by a colorimeter and was recorded on a strip chart recorder (there was a separate colorimeter and recorder for each half of the system). The amount of hemoglobin measured reflected the amount of specific antibody in the serum sample being tested.
At the end of each run, the system was cleaned with either (i) 2.5% urea plus 0.05 M NaOH or (ii) 2% RBS 25 (Fisher Scientific Co.) at 50 C. Once a week -40 Calculation of automated test titers. At the end of each run, the "peak" values of the standards on the strip chart recorder were transposed from per cent transmission (%7T) to optical density (OD). An OD value equal to that produced by the density of the (Fig. 7 ). This was, in effect, diluted out at a 1:10 dilution. In the linear region of the corrected curve, the difference in OD values between two adjacent peaks was divided into equal parts (Fig. 8 Fig. 9 . The manual tube test was used as the standard test procedure. The within-technician and betweentechnician reproducibility to be expected from this test system was determined first. The microtiter test was then compared to the tube test system. The reproducibility of the automated system was determined by comparisons between different sample sequences and sampling rates. The twofold and quartile titers were determined and compared within-system and to manual test twofold titers (solid lines in Fig. 9 ). The continuous titers for the automated system were calculated and their reproducibility within-system was determined (dashed lines in Fig. 9 ). The results obtained in the various test comparisons are found in the tables indicated by the numbers in parentheses in Fig. 9 or are in the text.
RESULTS
Comparison of manual and automated HI test systems. Table 1 indicates the number of sera that could be titrated in a day by using the test systems and procedures utilized in this study. Manual test results could not be read until after an incubation period of 18 to 20 hr. The time span from serum sample input to recorded-test output in the automated system was 37 min. It was found that satisfactory HA of bovine RB cells required approximately 20 (Table  5 ). The reproducibility of all five tube test runs was 90.0%, and that of the five microtiter runs was 86.2%.
As a screening procedure, 12 of the 52 sera titrated at less than 1:20 in 1 or more of the 10 repeat titrations. Nine of these sera titrated at this level in both manual test systems.
Evaluation of reproducibility of automated tests. A total of seven runs of 51 sera was made on When measuring quartile titers, in three of the seven automated runs all of the QC peaks fell within a single quartile. In three other runs they fell within two adjacent quartiles. The seventh run had QC peaks in three adjacent quartiles, and, on this basis, baseline shift was considered to be excessive.
Six of the seven runs in the study had QC sample variations which fell within the :1=10% continuous-titer tolerance limits (Table 6 ). All data in the one run showing excessive baseline shift were corrected before being used in any of the automated system reproducibility evaluations reported here. The series of 51 sera were titrated on two different automated HI channels on the same day. The one-dilution difference reproducibility of this pair of runs, for the 22 sera that titrated on the linear region of the standard curve, was 100.0%; 95.4% (21 of the 22 pairs) titrated at the same twofold dilution in both systems. The one-quartile difference reproducibility showed that all 22 of these serum pairs titrated at no greater than one-quartile difference. This is one-quarter of the difference intimated by a Midpoint between highest and lowest quality control titer. The same specimens were not used as the quality control sample in all runs. Therefore, differences in titer between runs does not necessarily reflect system variation from run to run.
I Standard deviation.
c Coefficient of variation = SD/mean X 100. d Actual titer variation both above and below the midpoint of the nine replicate quality controls. 6 Exceeds the -+10% quality control tolerance limits set for this study. (Fig. 5) . The agreement and reproducibility of duplicate titers between the two runs at each speed are given in Table 8 . The one-quartile difference reproducibility of these paired different-sequence runs at 40 and 60 samples per hr was 97.7 and 90.9%, respectively (100.0 and 95.4%, respectively, when only those results from the linear region of the curve were considered).
The two 40-per-hr runs and two 60-per-hr runs were paired against each other to determine if there was any difference between the results produced at the two different speeds on both a same-sequence and different-sequence basis. Reproducibility at the one-dilution difference level was found to be 100.0% in both cases. On a same-sequence basis, 75.8% of the serum pairs titrated at the same titer, whereas this occurred in 72.7% of the serum pairs on a different-sequence basis.
As a screening procedure, in the seven automated runs 12 of the sera were titrated at less than 1:20 in one or more of the runs.
Evaluation of reproducibility between manual and automated systems. Two manual tube test runs of each technician were compared to the four automated 40-sample-per-hr runs ( Table 10 .
In the first seven manual runs completed and the seven automated runs, 13 sera were titrated one or more times at less than 1:20. Twelve of these sera were titrated at this level in both the manual and automated systems. Of the total of 91 individual titrations (13 sera X 7 titrations/ serum), the manual and automated systems both titrated 35 samples at 1:20. A total of 56 specimens were negative (<1:20) by the automated system, with the manual systems titrating 52 specimens at < 1:20 and 4 at 1:40.
Analysis of "continuous-titers." The variability of titers from "standardized" quality controls measured on the same day and the same channel of the automated system was presented in Table 4 . The standard deviations ranged from -0.74 to -12.53 with a mean of 3.72. The mean of the variation between paired "unknown" sera (expressed as a per cent of the mean titer of the pairs) and the corresponding standard deviations are shown in Table 11 . As might be expected, the mean variation for 60-sample-per-hr different-sequence runs was greater than 40-sample-per-hr runs under the same conditions. The mean variation for 40-sample-perhr different-sequence runs was greater than similar same-sequence runs only when analysis was confined to the linear portion of the standard curve.
DISCUSSION
The automated continuous-flow system (Technicon Corp.) is currently the major contributor to automated serology. Most of the discrete sample systems now used in automated clinical chemistry have not been reported to have been used in serology. These will probably contribute little to sero-epidemiology in the future, espe- 
replicates' (2) Sametiter ( e One-dilution difference encompasses a total of eight quartiles, whereas a one-quartile difference has a range of only two quartiles.
f Four of the five paired runs were 100.0% reproducible at this level. Although not used in this study, preliminary work with this unit showed it to be a satisfactory working system. The combination of sampling rate and sample-to-wash ratio would be a determining factor as to the applicability of such a procedure in any specific test system. The cost and availability of the antigen used in the test system would be another important factor to be considered.
In the 10 on June 24, 2017 by guest http://aem.asm.org/ Downloaded from twofold titer measurement system to detect large fluctuations in automated test-run baselines is probably reflected in manual test systems. This might explain some of the problems experienced in manual serological test procedures. By providing continuous titers, the automated system makes as important a contribution to serology as it does with increased speed of analysis and reproducibility of titration results.
The 100% tolerance limit established for automated system QC variation in this study (by using the continuous-titer measurement procedure) is a much narrower range than that which is accepted in the manual test procedures. The one-dilution difference accepted for "reproduced" repeat titrations in manual serological tests allows a variation of 50 or 100% of a given titer. That is, a test result with a titer of 1:160 may, on a subsequent run, be titrated at 1:80 (50% change) or 1:320 (100% change) and still be considered as a reproduced result. The ±10%Xc tolerance limit at a titer of 1:160 confined repeat titrations to the range of 1:144 to 1:176 for a reproduced result. The greater reproducibility of the automated system may make it possible to reevaluate the serological definition of "evidence of infection" which is used in manual techniques (i.e., fourfold change in titer between acute-and convalescent-phase sera).
At 40 specimens per hr, sample sequence had little, if any, significant effect upon an individual serum titer when the practice of retitrating those sera which appeared to be adversely affected by a preceding sample was observed. Hopefully, mathematical correction of test results for sample interaction would be as satisfactory a procedure in serology as it is in those clinical chemistry systems which utilize on-line computer systems. This could preclude the necessity of retitrating sloughed samples.
In the automated test, the range of the standard deviations of the per cent variation from the mean titer of the serum pairs (40/hr runs) was twice as large when all test results in a run were included (±3.49 to ±5.36%) as when only those results on the central straight portion of the standard curves were measured (±1.74 to ±3.66%). When four replicate runs (at 40/hr) were analyzed, the standard deviations were equal to the highest value of the paired-run ranges (±5.41 and ±3.48%c, respectively).
Comparison of the manual and automated procedures as screening test systems to detect positive sera (titers of 1:20 or greater) and negative sera (<1:20) indicated that the two types of systems were of comparable sensitivity. Automated systems will make it possible to screen large numbers of sera at a specific level of significance, especially in low prevalence antibody rate disease conditions. Screening runs can be carried out at a faster rate than titration runs in the automated system and would be of great value in determining which specimens have titers that are too low to be of further interest in a study.
Automated serological systems will provide the means for undertaking many long-range epidemiological studies of importance to both human and animal health. These may include long-range surveillance systems, specific disease eradication programs, etc. The results of this study show that automated continuous-flow HI systems are feasible.
